The abundance and biomass of phytoplankton and ciliate taxa in lentic fresh waters were related to their resources, physicochemical conditions, potential consumers and water body type in 45 water bodies ranging from deep oligotrophic lakes to swamps, ponds and estuarine wetlands in South Island, New Zealand. Distinct phytoplankton assemblages were related to each water body type. Phytoplankton genera were positively related most strongly to dissolved reactive phosphorus concentrations, and also related positively to the biomass of ciliate consumers. The biomass of ciliate taxa was higher in swamps and ponds than other water body types. Biomass of the ciliate taxa: oligotrichs, prostomatids and Strombidium, was related strongly and positively to the biomass of their phytoplankton resource, and less strongly related to metazooplankton predators: calanoid copepods and Ceriodaphnia dubia. Our findings suggest that resource availability (bottom-up drivers) may be stronger determinants of phytoplankton and ciliate community composition than consumers (top-down effects).
I N T RO D U C T I O N
In the open-water regions of lentic water bodies, phytoplankton is the dominant primary producer (Laybourn-Parry, 1992) , and phytoplankton productivity and community composition affect the structure and productivity of higher trophic levels (ciliates, metazooplankton and fish). Phytoplankton community assemblages are a function of resource availability, herbivory, water body morphology, water clarity and alkalinity (Reynolds, 1998) . Responses of phytoplankton communities to nutrient enrichment induced by geomorphology and land use can provide information on water body trophic status (Cottingham and Carpenter, 1998) . Reynolds et al. (Reynolds et al., 2002) propose functional group classifications of phytoplankton species or genera that may occur in a certain habitat, or within particular environmental parameters. Ciliates potentially influence phytoplankton community composition, and also play a major role in energy and matter transfer in pelagic food webs by consuming bacteria and flagellates and being prey for metazooplankton (Stockner and Porter, 1988; Simek et al., 1995) . Ciliates can also be useful indicators of water quality, responding quickly to environmental perturbations (Mieczan, 2008) .
Phytoplankton and ciliates are strongly linked to each other through trophic pathways. While phytoplankton are the major food source for ciliates in the pelagic zone, the two plankton groups share metazooplankton predators (Huber and Gaedke, 2006) . Selective consumption of phytoplankton by different taxa and sizes of ciliates and metazooplankton may alter phytoplankton community composition. Phytoplankton release exudates which stimulate the growth of bacteria, in turn stimulating the growth of heterotrophic nanoflagellates (HNAN), both of which ciliates consume (Fenchel, 1987) . Identification of the taxa involved in these interactions between phytoplankton and ciliates, and in relation to other trophic levels and environmental parameters, will help identify the variables that drive the community response. Phytoplankton, ciliates and metazooplankton lie in the middle region of the pelagic trophic cascade where the strengths of the opposing consumer-driven (top-down) and resource-driven (bottom-up) effects are most likely to balance in both oligotrophic and eutrophic systems (McQueen et al., 1986) .
Based on analyses of a range of physical, chemical and biological measures from 45 water bodies in a previous study , we showed that there were strong positive relationships between nutrients [N, P and dissolved organic carbon (DOC)] and phytoplankton biomass. The aim of this study was to determine whether there are indications of strong top-down or bottom-up effects on the phytoplankton and ciliate communities at a taxonomic level. Our objective was to determine how the abundance, or biomass, of phytoplankton and ciliate taxa relate to resource availability (nutrients for phytoplankton; heterotrophic bacteria, flagellates and phytoplankton for ciliates), and the abundance of consumers (ciliates and metazooplankton) in a broad range of water bodies. In a related paper, we reported that microbial community biomass increased with nutrients . In this study, we predicted that the abundance or biomass of phytoplankton and ciliate taxa would relate strongly to measures of resources, physicochemical conditions and consumers, and that these relationships would be reflected in distinct assemblages of phytoplankton and ciliate taxa in different water body types.
M E T H O D
The study sites were 45 water bodies in Otago, South Island, New Zealand. Data were collected from 40 sites in late summer (February -March 1999) , with 15 of these sites re-sampled in late spring (October 1999), when five new ephemeral swamp sites were added. Water bodies included swamps and ponds (9), riverine wetlands (2), estuaries (7), reservoirs (10), shallow lakes (5) and deep lakes (12). The categories of water body were determined by several factors: "deep lakes" had a maximum depth .5 m; "estuaries" were primarily freshwater in terms of salinity, but had some physical connection to the sea; in "reservoirs" the outflows were manipulated; "riverine wetlands" were physically linked with an adjacent river; "shallow lakes" had a maximum depth ,2 m; "swamps or ponds" were water bodies with a surface area of less than 1 ha. and/or emergent macrophytes across the bottom . A flexible tube sampler 2 m in length was used to collect depth integrated samples at, or near, the centre of the water body, from the surface to 2 m below the surface, with the exception of deep oligotrophic lakes which were sampled down to the lake's Secchi depth with the integrated sampler. Physicochemical variables measured were: temperature, pH, conductivity, dissolved reactive phosphorus (DRP), total inorganic nitrogen (TIN) and DOC, following standard procedures as described in Galbraith and Burns . Samples for the measurement of chlorophyll a, microbial food web components (bacteria, autotrophic picoplankton, flagellates and ciliates) and metazooplankton were collected and their concentration, biomass or abundance determined as described by Burns and Galbraith (Burns and Galbraith, 2007) . Water samples of 0.5 L were preserved with 1% Lugol's iodine for phytoplankton community analysis. The algae in subsamples of measured volume were concentrated by sedimentation and counted under a Nikon inverted microscope at Â400 magnification. Taxa were identified to genus by reference to Streble and Krauter (Streble and Krauter, 1988) , Canter-Lund and Lund (Canter-Lund and Lund, 1995) , Foissner and Berger (Foissner and Berger, 1996) and Moore (Moore, 2000) . Phytoplankton taxa were classified as in Reynolds (Reynolds, 2006) . Biomass of ciliates was expressed in units of carbon (C, in mg L
21
) derived from cell densities and cell volumes of ciliates [based on measurements of cells and geometric formulae to determine volume (Hoehn et al., 1998) ], and a published conversion factor for ciliates ¼ 0.19 pg C mm 23 (Putt and Stoecker, 1989) . Variables which explained the distribution of ciliate biomass and phytoplankton abundance were known as explanatory variables. Explanatory variables selected for the multivariate analyses included resources, physicochemical conditions or consumers of the phytoplankton and ciliate communities (Table I) . CANOCO (v. 4.0) software was used for multivariate analyses. Redundancy analysis was chosen to investigate relationships between the plankton groups and their resources and consumers, after a detrended correspondence analysis determined that gradient lengths were less than 4 standard deviations (ter Braak and Šmilauer, 1998) . Forward selection was used to identify the explanatory variables that best explained the composition of phytoplankton taxa, without the influence of correlated variables. Abundance and biomass data were log (x þ 1) transformed during analysis. Primer 6 (V6.1.11) was used to construct a Bray-Curtis resemblance matrix and perform analysis of similarities (ANOSIM) to determine differences among the water body types. SIMPER analysis in Primer 6 was used to generate similarity/distance percentages and species/variable contributions to the differences between water body types. ANOSIM and SIMPER analyses were also used to investigate differences between the samples taken in autumn and spring.
R E S U LT S Phytoplankton in relation to explanatory variables
A total of 39 phytoplankton genera were counted in the groups: bacillariophytes (diatoms), chlorophytes (green algae), chrysophytes (golden brown algae), cryptophytes (brown algae), dinophytes (dinoflagellates) and euglenophytes (euglenoids), and the most common phytoplankton genera were Chlamydomonas, Cryptomonas, Cyclotella and Navicula. Variables which explain the variance (explanatory variables) in the phytoplankton genera abundance were investigated using redundancy analysis, where the proximity of species arrows in ordination diagrams (e.g. Figs 1 and 2) to the explanatory variables arrows indicates the extent of their association. Forward selection was used to reduce the amount of explanatory variables from 24 to 15 which best explained the variance in the species data (Table II) . The first two axes of the redundancy analysis explained 14.7% of the variance (axis 1, P ¼ 0.04, all axes, P ¼ 0.005) (Fig. 1) . DRP concentration was the most significant explanatory variable measured that explained the variance in the phytoplankton community abundance (l ¼ 0.04, P ¼ 0.01). The explanatory variables TIN, DOC and conductivity were also strongly associated with the first axis. The phytoplankton genera most strongly positively related to the first axis were the abundance of Gyrosigma, Nitzschia, Stauroneis and Navicula, while the abundance of Cosmarium, Peridinium, Ankistrodesmus and Coelastrum were negatively related to the first axis. The biomass of oligotrichs and Strombidium were the explanatory variables most strongly positively related to the second axis, and the phytoplankton genera associated with this axis included the abundance of Euglena, Phacus, Cyclotella and Netrium positively, and Gomphonema and Anabaena negatively.
Ciliates in relation to explanatory variables
A total of 12 ciliate taxa, including a group of unidentified ciliates, were counted. Oligotrichs were the dominant contributors to total ciliate biomass, with prostomatids, Strobilidium, Strombidium and peritrichs dominant in some water bodies. Counts of three oligotrich genera, Strombidium, Strobilidium and Halteria, were not included in the oligotrich group count. Forward selection was used to reduce the number of explanatory variables from 47 to 25 which best explained the variance in the biomass of the ciliate taxa (Table III) . The first two axes of the redundancy analysis explained 63.5% of the variance (axis 1, P ¼ 0.005, all axes, P ¼ 0.005) (Fig. 2) . Forward selection showed that the most significant explanatory variables measured that explained the variance in the ciliate taxa biomass were:
and Cyclotella (l ¼ 0.03, P ¼ 0.015) abundance. The abundance of the explanatory variables Euglena, Synura, Cyclotella, Cryptomonas and copepod nauplii were positively associated with the first axis, and the ciliate taxa most strongly positively associated with this axis were the biomass of oligotrichs and prostomatids. The explanatory variables most strongly associated with the second axis were: copepodites, adult copepods, Tetraedron and Ceriodaphnia, positively, and Phacus, negatively, and the ciliate taxa most strongly related (negatively) to the second axis were the biomass of Strombidium and Strobilidium.
Differences among water body types
The phytoplankton genera with the highest proportion ( percentage of the total abundance of the genera) were in: deep lakes: Cosmarium, Kirchneriella and Dinobryon; reservoirs: Asterionella colonies, Tetraedron and Tetrastrum; riverine wetlands: colonies of Ankistrodesmus; estuaries: Cryptomonas and individual Ankistrodesmus; shallow (Fig. 3) . The phytoplankton community abundance explanatory variables were significantly different between water body types (P ¼ 0.001) (Table IV) . Lower measurements of the phytoplankton explanatory variables, such as conductivity, DRP concentration, abundance of copepods (nauplii), Bosmina and Ceriodaphnia, and biomass of oligotrichs, explained most of the difference between deep lakes and other water body types including: estuaries, reservoirs, shallow lakes and swamps/ponds (Table V) . Lower conductivity, DRP concentration, abundance of copepod nauplii and copepodites, Daphnia and Bosmina, and higher abundance of Ceriodaphnia explained the difference in phytoplankton explanatory variables between reservoirs compared with other water body types, including: estuaries, shallow lakes and swamps/ponds. There were significant differences between water body types for phytoplankton genera abundance (P ¼ 0.001) (Table IV) . Deep lakes were significantly different from other water body types including: estuaries, reservoirs and swamps and ponds, as a result of lower abundance of Navicula, Cryptomonas, Chlamydomonas, Ankistrodesmus and Nitzschia and higher abundance of Kirchneriella in deep lakes (Table V) . A higher abundance of Navicula, Cryptomonas and Chlamydomonas in estuaries explained the significant differences between estuaries and other water body types including: reservoirs, riverine wetlands and swamps/ ponds. A lower abundance of Navicula, Netrium and Peridinium, and a higher abundance of Cosmarium, Ankistrodesmus and Euglena species 1 in reservoirs than in swamps/ponds were the highest contributing species to the difference between the water body types. Oligotrichs were the most abundant ciliate taxa, followed by prostomatids, and both groups had their highest biomass in swamps and ponds (Fig. 4) . The ciliate community biomass explanatory variables differed significantly between water body types (P ¼ 0.001). Among the explanatory variables we tested, lower conductivity and abundance of the phytoplankton genera Navicula and Cryptomonas, and higher abundance of Kirchneriella and Cosmarium explained most of the difference between deep lakes and reservoirs, and other water body types (Table V) . The biomass of ciliate taxa was significantly different between deep lakes and swamps/ ponds (P ¼ 0.021), a result of the higher number of oligotrichs in the swamps/ponds contributing 38% of the difference between the two water body types.
Seasonality
The explanatory variables for the phytoplankton genera and ciliate taxa were significantly different between seasons ( phytoplankton, P ¼ 0.003, and ciliates, P ¼ 0.006) in the 15 sites that were sampled both in autumn and spring. Temperature was the variable that contributed the most to the difference between seasons. The abundance of phytoplankton genera differed between autumn and spring (P ¼ 0.033), with Ankistrodesmus, a species of Euglena and Cosmarium the genera contributing most to the differences. There was no significant difference in ciliate taxa biomass between autumn and spring. When all 45 sites were included (40 autumn sites and 20 spring sites) in the ANOSIM, the explanatory variables were not significantly different between seasons for either group, and there was no significant difference in ciliate taxa biomass, but seasonal differences in phytoplankton species abundance were still significant (P ¼ 0.028) with the same genera explaining the differences.
D I S C U S S I O N
Our prediction that phytoplankton abundance and ciliate biomass would be strongly related to resources, physicochemical conditions and consumers was supported. Overall, we found the strongest relationships were between: inorganic nutrients and phytoplankton, phytoplankton and ciliates, and ciliates and zooplankton, and the microbial components (bacteria, HNAN) were not strongly linked to higher trophic levels (Fig. 5) . Phytoplankton genera abundances were the most strongly associated (Gyrosigma, Nitzschia, Stauroneis and Navicula positively, and Cosmarium, Peridinium, Ankistrodesmus and Coelastrum negatively) with the abundance of resources: DRP and TIN. Phytoplankton genera abundances were less strongly related (Euglena, Phacus, Cyclotella and Netrium, positively, and Gomphonema and Anabaena negatively) to consumers (oligotrichs and Strombidium). The fairly low percentage of variance in the phytoplankton data explained by the explanatory variables in the RDA is quite common in environmental data sets (ter Braak and Šmilauer, 1998) , and is probably due partly to factors that we did not measure (e.g. micronutrients, competitive interactions and light conditions) influencing phytoplankton populations. Ciliate taxa biomass (oligotrichs and prostomatids) were most strongly related positively to resources (phytoplankton genera: Euglena, Synura, Cyclotella and Cryptomonas). Ciliate taxa biomass (Strombidium and Strobilidium) were less strongly related negatively to consumers (copepodites and adult copepods).
Our findings of strong relationships between certain phytoplankton genera abundance and their resources concur with other studies. We found Navicula abundance related positively to resources, and Navicula species are known to occur in stirred up, inorganically turbid, shallow lakes and in streams (Padisák et al., 2009) , or increase in response to nutrient enrichment (Cottingham and Carpenter, 1998) . The phytoplankton genera that were found related negatively to nutrients and physicochemical variables included: Cosmarium, Peridinium, Ankistrodesmus and Coelastrum. Cosmarium species are known to be tolerant of nutrient deficiency The marginal effects columns list the explanatory variables in order of the variance they explain singly, i.e. when that particular variable is used as the only explanatory variable (lambda-1). The conditional effects columns list the explanatory variables in order of their inclusion in the model, together with the additional variance each variable explains at the time it was included (lambda-A) and its significance at that time (P-value). Conditional effects explanatory variables highlighted in bold are the variables chosen for inclusion the final redundancy analysis. The marginal effects columns list the explanatory variables in order of the variance they explain singly, i.e. when that particular variable is used as the only explanatory variable (lambda-1). The conditional effects columns list the explanatory variables in order of their inclusion in the model, together with the additional variance each variable explains at the time it was included (lambda-A) and its significance at that time (P-value). Conditional effects explanatory variables highlighted in bold are the variables chosen for inclusion the final redundancy analysis. (Reynolds et al., 2002; Padisák et al., 2009) , and have been found in both oligotrophic and eutrophic lakes in New Zealand (Viner and White, 1987) , and Peridinium is found in a range of oligotrophic to eutrophic systems (Reynolds et al., 2002; Padisák et al., 2009 ). However, Ankistrodesmus and Coelastrum species are generally found in eutrophic systems (Padisák et al., 2009) , and Viner and White (Viner and White, 1987) recorded Coelastrum in Fig. 3 . Average proportion each water body type contributes to the total abundance of phytoplankton genera in the water bodies. The Global R value is the test statistic of the average dissimilarities between different water bodies. R and P values highlighted in bold are significant.
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eutrophic lakes in New Zealand. In 55 north German lakes, an increase in the proportion of cyanobacteria in hypertrophic lakes was observed (Auer et al., 2004) , but this was not matched in our study, possibly because we recorded large cyanobacteria in only four water bodies, and cyanobacteria are relatively uncommon in lakes of South Island, New Zealand (Pridmore and Etheredge, 1987) . That the relationships between the abundance of phytoplankton genera and ciliate taxa biomass were often positive may be an indication of oligotrichs and Strombidium grazing directly on phytoplankton without suppressing their populations, if the growth rates of phytoplankton exceed the consumption rates of ciliates. Alternatively, as ciliates feed on bacteria, HNAN and algae (Fenchel, 1987) phytoplankton abundance may positively relate to ciliate growth via ciliates grazing on bacteria which are stimulated by phytoplankton exudates, or ciliates may graze on the HNAN which consume the bacteria. However, in a previous study, we did not find a relationship between phytoplankton and bacterial biomass , and the biomass of HNAN and bacteria were not strongly related to ciliate taxa biomass in this study, which may indicate that ciliates are unable to suppress rapidly growing bacterial or HNAN biomass, or that ciliates have a wide diversity of prey. In Lake Oglethorpe, USA, Pace (Pace, 1982) reported that whereas Lembadion magnum and gymnostomes correlated with chlorophyll a alone, Coleps sp. (a prosotomatid that feeds only on algae) and bacterivorous scuticociliates correlated positively with both chlorophyll a and bacteria due to the close positive relationship between bacteria and chlorophyll a. James and Hall (James and Hall, 1995) and Hwang and Heath (Hwang and Heath, 1997) report positive correlations between ciliate and bacterial abundance, and between ciliate and HNAN abundance, in addition to positive correlations between ciliate abundance and chlorophyll a concentration. In contrast, similar to our results, Gasol et al. (Gasol et al., 1995) also found that whereas ciliate abundance correlated positively with chlorophyll a concentration, it did not correlate with HNAN abundance.
Our prediction that ciliate taxa biomass would be related to measurements of resources, physicochemical conditions and consumers was confirmed by strong associations between ciliate taxa biomass and the abundance of phytoplankton genera, and between the biomass of ciliate taxa and metazooplankton. As previously mentioned, positive relationships between ciliates and phytoplankton may suggest that the ciliates are grazing on the phytoplankton, but not suppressing their populations. Negative relationships between calanoid copepods and C. dubia may imply that the metazooplankters are either able to suppress the Strombidium and Strobilidium populations, or suppress a resource that the ciliate genera require. Burns and Gilbert (Burns and Gilbert, 1993) observed that calanoid copepods fed efficiently on oligotrichs, and concluded that copepods would be capable of suppressing populations of some ciliates. In in situ enclosure experiments in New Zealand lakes, grazing by the calanoid copepod, Boeckella, had negative effects on total ciliate growth Schallenberg, 1996, 2001 ). Auer et al. (Auer et al., 2004) found that ciliate biomass was negatively correlated to copepod biomass in 55 north German lakes, and suggested that ciliates were directly affected by grazing pressure from copepods. In in situ enclosure experiments in Lake Wakatipu, New Zealand, C. dubia had a negative effect on ciliate growth rates (Burns and Schallenberg, 1998) . Daphnia has been found to suppress ciliate growth (Porter et al., 1979; Pace, 1991; Burns and Schallenberg, 1996) either by predation, interference or competition for resources (Wickham and Gilbert, 1991; Jack and Gilbert, 1994) . Jeppesen et al. (Jeppesen et al., 2000) reported that densities of total ciliates correlated negatively with those of Daphnia in 25 shallow South Island lakes, some of which were also included in our study. In contrast, a positive relationship was observed between the biomass of ciliate taxa (oligotrichs and prostomatids) and copepod nauplii, which may be suggestive of nauplii grazing on similar items to the oligotrichs and prostomatids, or preying directly on the ciliates without suppressing their populations.
As we predicted, we found distinct phytoplankton assemblages among water bodies, which may be a consequence of variation in measurements of phytoplankton abundance explanatory variables (conductivity, DRP, mesozooplankton and oligotrichs) with water body type, or there may be factors that were not included in our physicochemical and biological sampling which may vary with water body type, such as: macrophytes, light conditions, hydrological pathways and water residence time, micronutrients, trace toxins or other factors. Some of the phytoplankton genera that we found more typical of a specific water body type were in agreement with previous studies. The higher abundance of Cosmarium, Kirchneriella and Dinobryon in deep lakes is consistent with Cosmarium and Kirchneriella observed in deep, oligotrophic lakes in North Island, New Zealand and Dinobryon found in deep lakes of all nutrient status (Viner and White, 1987) . Dinobryon species are representative of small, oligotrophic, base poor lakes or heterotrophic ponds, Cosmarium has been described as an oligo-mesotrophic species tolerant of nutrient deficiency, while Kirchneriella species are known to be found in clear, deeply mixed meso-eutrophic lakes (Padisák et al., 2009) . Colonies of Ankistrodesmus were more prevalent in riverine wetlands than other water body types in Otago, in accord with the genera known to be associated with shallow, eu-hypertrophic environments (Padisák et al., 2009) , although Ankistrodesmus occurs widely throughout South Island, New Zealand, in oligotrophic and mesotrophic lakes, and hydro reservoirs (Viner and White, 1987) and Paerl et al. (Paerl et al., 1979) found it in a dystrophic lake. Asterionella colonies were more common in reservoirs, and the genus is known to occur in mixed, eutrophic smallmedium lakes (Padisák et al., 2009) . Anabaena are representative of shallow, eutrophic lakes (Padisák et al., 2009) , consistent with our findings. Volvox is a characteristic of eutrophic lakes, and Euglena and Phacus occur in ponds (Padisák et al., 2009) , in agreement with our finding of the genera the most abundant in swamps and ponds. Our findings of Cosmarium, Kirchneriella (chlorophytes) and Dinobryon (chrysophyte) more common in deep lakes, and Stauroneis (diatom) in shallow lakes are consistent with the findings of a review of lake responses to reduced nutrient loads, where shallow lakes displayed an increased proportion of diatoms whereas deep lakes had an increase in proportions of chrysophytes, dinophytes and chlorophytes (Jeppesen et al., 2005) .
We found a higher biomass of ciliates in the more eutrophic swamps and ponds than in other water body types, a finding in accord with results of other studies in the USA, Germany and New Zealand that show increases in abundance and biomass of ciliates with lake trophy. In Lake Oglethorpe, USA, ciliate abundance increased with lake productivity (Pace, 1982; Pace et al., 1983) . In 58 lakes in north Germany that ranged from mesotrophic to hypertrophic, including shallow and deep lakes, brackish coastal lakes and peat ponds, ciliate abundance, biomass and number of species were highest in eutrophic conditions and lowest in mesotrophic lakes (Pfister et al., 2002) . The authors report that lake type also influenced the ciliate community with the lowest ciliate biomass in deep, freshwater lakes and the highest in peat ponds due to their high primary productivity. In four lakes in southern New Zealand that ranged from ultra-oligotrophic to eutrophic, the biomass of ciliates increased with increased lake trophy (Burns and Schallenberg, 2001 ) and, in 25 lakes in South Island, New Zealand, total ciliates correlated positively with chlorophyll a (Jeppesen et al., 2000) .
In this study, seasonal differences were apparent for the abundance of phytoplankton genera, but not for the biomass of ciliate taxa. Among the explanatory variables measured, temperature may be the variable which most related to seasonal differences in the abundance of phytoplankton genera such as: Ankistrodesmus, Euglena and Cosmarium; however, temperature may be a proxy for other seasonal variables not measured.
In a study of the linkages between land use, type of water body and water quality, we found that greater proportions of the catchment in pastoral use are related to higher measures of physico-chemical variables in these water bodies . Therefore, we suggest that differences in taxonomic structure of the phytoplankton and ciliate communities of these water bodies that are related to increases in the measures of water quality variables might also be predicted by the land use and vegetation cover in the catchment.
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